The working principle of the wave energy converter (WEC) developed at Uppsala University (UU) is based on a heaving point absorber with a linear generator. The generator is placed on the seafloor and is connected via a steel wire to a buoy floating on the surface of the sea. The generator produces optimal power when the translator's oscillations are centered with respect to the stator. However, due to the tides or other changes in sea level, the translator's oscillations may shift towards the upper or lower limit of the generator's stroke length, resulting in a limited stroke and a consequent reduction in power production. A compensator has been designed and developed in order to keep the generator's translator centered, thus compensating for sea level variations. This paper presents experimental tests of the compensator in a lab environment. The wire adjustments are based on online sea level data obtained from the Swedish Meteorological and Hydrological Institute (SMHI). The objective of the study was to evaluate and optimize the control and communication system of the device. As the device will be self-powered with solar and wave energy, the paper also includes estimations of the power consumption and a control strategy to minimize the energy requirements of the whole system. The application of the device in a location with high tides, such as Wave Hub, was analyzed based on offline tidal data. The results show that the compensator can minimize the negative effects of sea level variations on the power production at the WEC. Although the wave energy concept of UU is used in this study, the developed system is also applicable to other WECs for which the line length between seabed and surface needs to be adjusted.
Introduction
Research on the production of electrical energy from ocean waves has evolved significantly over the years, with the development and testing of various types of wave energy converters (WECs). Different techniques and strategies have been implemented in order to improve the performance of WECs both at the simulation and theoretical level [1] [2] [3] [4] and at the sea testing level [5] [6] [7] . The analysis and the evaluation of the performance of WEC technologies have also been studied and can be referred to previously-published works; see [8] [9] [10] . At Uppsala University, the studied and developed WEC is a heaving-point-absorbing-type converter.
The first version of the sea level compensator from Uppsala University, which was dimensioned for the climate of the Swedish west coast, has been tested [11] . A study by Castellucci [12] analyzed the effect of sea level changes on the absorption of wave energy. The result from the study showed that the implementation of the compensator significantly improved energy production. This paper focuses on the next-generation tidal compensator for Uppsala University WECs. The tidal compensator is dimensioned to work in the Welsh Sea, which is characterized by a semi-diurnal tidal range of up to 6.6 m [13] . Because of the high tidal range, a higher range tidal compensator for the Uppsala University WEC is needed. In optimal operating conditions, the translator oscillates centered to the mean position of the generator, with the changes in water level (tides) causing the translator to shift towards the top or the bottom of the generator, thereby reducing the efficiency of the WEC.
The compensator consists of a pocket wheel hosting a steel chain and a gearbox. The system is driven by a DC motor rated at 1500 W. A steel chain of 9 m connects the compensator to the buoy line. This chain rolls over the pocket wheel to adjust the length of the buoy line. The gearbox is located between the pocket wheel and a DC motor via a steel shaft. Because of a total load (translator and buoy line) of 10 tonnes, a gearbox with a reduction ratio of 4758 has been used [14] . This can increase the lifting torque (or force) significantly without compromising the ability of the system to adjust the buoy line according to the tidal level.
In order to protect the sensitive parts from corrosion, only the chain and the pocket wheel are allowed to be exposed to the sea water. All three parts (pocket wheel, chain, and shaft) are made of non-corrosive material. The rest of the system is covered by a protective casing. To prevent the sea water from entering the casing, two pairs of U-shaped sealings have been installed.
The real-time experimental test in the lab environment was carried out on the basis of the sea level data at Brofjorden [15] . The sea level at Brofjorden has been chosen as it is the closest measurement station to the Lysekil wave energy research site, located around 12 km to the south. For the adaptation of the system to higher ranges of sea level variation, offline information on tidal levels from a station close to Wave Hub has been analyzed. Offline sea level data from the Newlyn Tidal Observatory obtained from the British Oceanographic Data Centre (BODC) [13] have been used to simulate the compensator's operation at Wave Hub. The Newlyn station is located 22 km south of Wave Hub. The time series analyzed was one year long (from May 2017 until April 2018) with a 15-minute temporal resolution.
This paper presents the simulations and lab experiments on the compensator system based on the sea level information published by the Swedish Meteorological and Hydrological Institute (SMHI) and the BODC. The Methods Section explains the experimental setup of the compensator in the lab environment, followed by the operational test of the compensator. The accuracy of the chain position and the analysis of the power consumption are presented in the Results Section.
Methods
This section is divided into three subsections. Section 2.1 describes the communication and control strategy. Section 2.2 provides the experimental setup, describing the sensors and the testing for static and dynamic operation. Section 2.3 models the behavior of the motor to estimate the power consumption.
Communication and Control Strategy
A server for the compensator system was set up to log the data and to handle the control strategy for the compensator. A simplified block diagram of the communication and control flows is shown in Figure 1 . The input parameter of the system is the sea level, collected online from the SMHI website [15] (see Figure 3) . The observed sea level data published on the website lag between 1 and 2 h. In addition to the observed data, two other types of data series are made available by the SMHI, namely short-forecast data and long-forecast data. The easiest way to control the compensator would be to follow the short-forecast data as the observed data are not published in real time, whereas the forecast data are available ahead of the current time. However, it can be seen from Figure 3 that there is a noticeable variation between the sea level that is observed at the station and the sea level that is forecasted. To minimize this variation, a prediction model using least-squares minimization was employed to predict the current sea level up to 2 h in advance based on the observed sea level data series. The prediction of the current sea level data was based on the observational data from the SMHI. Because sea level variations can, in general, be considered to be periodic, a moving frame with a sinusoidal shape for the sea level was used to obtain the data for the next two hours (sea level at the present time). The illustration of this procedure is shown in Figure 4 . The rectangular frame shows how 10 observations were used to extrapolate the subsequent data point. The least-squares minimization method [17] was used to fit these 10 observations to get the best fit of a sine function. The acquired sine function was then used to extrapolate the next 2 h of data points every hour (up to the present time) (see Figure 4) . The frame was shifted one hour when new observational data were obtained from the SMHI. This process was repeated to predict the sea level data points of the next hour continuously. A simulation to analyze the difference between the extrapolated data and the observed and forecasted data was performed for a period of 19 days.
Server
The system server was placed on land. This was the main component of the communication and control system. The server reads the sea level information from the SMHI website, does the analysis, and makes a prediction of the seal level for up to 2 h in advance based on the SMHI observations. The SMHI updates the observational data on an hourly basis, so the server accesses the website once every hour. The communication between the server and the compensator is done via the cloud service cloudAMQP [18] based on RabbitMQ.
CloudAMQP
CloudAMQP is a cloud server developed by a Swedish tech company. CloudAMQP handles message queues based on the RabbitMQ protocol (open source multi-protocol messaging broker). A basic account from this cloud service with limited connection and queue data is enough to handle the small-sized data exchange between the server and the compensator. For our application, the compensator kept sending the status of the sensor readings (and position information) to the cloudAMQP. These data were then forwarded to the server at Uppsala University. The same protocol was used to send commands regarding the chain's current and future positions from the server to the compensator. The advantage of using this cloud messaging service is its simplicity. The communication between the server and the compensator is asynchronous. Figure 2 shows the schematic of the components installed in the compensator device. Every component has been explained in detail in [16] . In general, the heart of the control is the Arduino Mega2560 [19] , which is linked together with other components to a single-board computer (Raspberry Pi) used for communication via a 3G dongle. The compensator sends the status to the server (via cloudAMQP) at a frequency of 1 Hz. Raspberry-pi can also be accessed manually by VPN using the RealVNC application. However, normally, the automated operation of the compensator cloudAMQP was chosen.
Experimental Setup
The Arduino Mega2560 was chosen as the main controller due to its low cost and the fact that it is open source and easy to integrate with other systems. As the control system for the compensator does not need high processing power and several input/output ports, the Arduino seems suitable. Raspberry Pi was used as the onboard computer with the purpose of performing data logging and Internet communication. Because of its low power consumption and its potential to control and operate remotely, Arduino has been used for the Internet of Things (IoT) application in real-time data monitoring and management, e.g., the photovoltaic (PV) systems monitoring, as described in [20, 21] .
Encoder as a Position Sensor
A rotary encoder was used to calculate the rotation of the motor shaft and, subsequently, to calculate the motor rpm and position of the chain. A Hall effect sensor was mounted to face a rotating axis of two permanent magnets with the poles facing opposite directions. Figure 5 shows the setup for the encoder.
The two permanent magnets were installed 90 • apart from the rotating coupler in order to obtain a fixed duty cycle of the output signal regardless of the speed of the motor shaft. From this output, the direction and the speed of rotation could be calculated. The sensitivity of the encoder was one pulse per revolution. This was translated to a 0.2-mm resolution of the buoy line position. Figure 6 shows 2 waveform samples from the encoder signal. The output from the encoder was fed to the Arduino for a feedback measurement. Table 1 shows the information obtained from the encoder measurement. The position of the magnet was placed so that when the motor turns clockwise (CW), the encoder will always generate approximately a 25% duty cycle. Conversely, when the motor turns counter-clockwise (CCW), the encoder generates signals of a 75% duty cycle. The information of the duty cycle and frequency from the encoder was used to determine the direction, the speed, and the position of the motor when lifting and releasing the load. The position of the chain was saved every time the Raspberry Pi received inputs from Arduino in order to protect the system from data loss, in case it was reset. A secondary position measurement system was also installed: a draw-wire sensor (DWS) was mounted on the low-speed side of the gearbox (12 cm-diameter shaft). The wire was wound over the shaft and was able to give the absolute position value when needed. However, the draw wire sensor was not as accurate as the encoder and can be used as a backup if the encoder system fails.
Force Measurement
The compensator was designed to be able to bear the weight of the translator and the connection line, which resulted in a total of 10 tonnes. A torque sensor ( Figure 5 ) [22] was installed to measure the torque and estimate the force exerted on the chain. The nominal range for this torque sensor was 17 Nm, which translates to about 83 kNm at the output of the gearbox. The torque sensor was installed at the coupling between the DC motor's shaft and the gearbox.
In order to test the torque sensor, experiments were carried out. The lab environment with the setup is shown in Figure 7 . Doing dynamic tests on the compensator using the real load conditions is complicated and poses safety risks; hence, static tests were performed using a load cell mounted on the floor. The load cell shown in Figure 7 was rated at 25 tonnes.
For the static tests, one side of the load cell was connected to the chain and the other end to the floor, as shown in Figure 7 . During the test, the load cell was pulled by the chain to measure the pulling force on the compensator. The result of this experiment, shown in Figure 8 , was used to calibrate the torque sensor: the force measured by the load cell should be equal to the force calculated from the output of the torque sensor. Even though the gearbox turn ratio was high, the pull of the load on the torque sensor cannot be ignored. From the test, the instantaneous force applied by the chain was represented by the pull of the spring in the releasing-load direction (in the dynamic test) when the motor was stopped, and from the results, it was shown that the comparison of the forces measured at the spring and forces obtained from the torque sensor matched to an acceptable accuracy [16] . 
Power Consumption Estimation
The power consumption is one of the constraints for the system's operation. The performance analysis of the system is focused on estimating the power consumption. To do so, the motor behavior was modeled in steady-state operation. Because the rate of sea level change is low, a fast response of the system is not necessary. The total power consumption was due to (a) the power consumption of the motor and the brake release when moving the chain and (b) the standby power necessary for monitoring and communication. The brake was powered only when the motor moved. At 24 V, the brake draws around 2 A current. Thus, the energy required for brake release is:
where t is the time it takes to complete the operation. The response of the motor was analyzed only in the steady-state condition. An experiment to characterize the system was performed by lifting a 35-kN load. The details of the test can be found in [16] .
The relationship between the current, I, and the torque, T, can be obtained by measuring the torque when different currents are fed into the motor. This dynamic test to find the relation of I and T is plotted and shown in Figure 9 . From the figure, it is noticeable that, in general, the torque was directly proportional to the current fed in. Ideally, the linear fit shown in Figure 9 should cross the origin, but in the experiment, a small current was required to overcome the internal friction of the motor before it started to turn. A static test was easier to determine the torque constant, but this dynamic test was more accurate to estimate the relation between I and T accounting for the effect of dynamic loses. The linear fit in Figure 9 shows the relation of I and T as:
With the same test, by considering the main loses of the DC motor to be the copper loses, where the resistance R a = 0.32 Ohm, the relationship between the input power to the motor and the output power calculated with the torque measurements can be obtained. The results are shown in Figure 10 . The significant losses of the system were considered to be copper losses, which were proportional to the square value of the current in the rotor windings. However, from the experiment, the efficiency of the motor, η m , after the copper losses had been accounted for, was found to be around 95 percent. The output power of the motor, Tω, measured at the output motor shaft can be estimated as:
Expanding Equation (3) yields:
From Equation (4), Tω can also be presented as the power exerted on the motor shaft from the perspective of the load. At steady state,
where P mech is the power needed to operate the system without load. P load is the power needed to lift the translator, and η s is the dynamic efficiency of the compensator. The value of P mech has been obtained from experimental (no load) tests. In order to estimate the power when the translator is lifted (or released) at a constant speed, ω a , Equation (5) can be presented as:
where η = η s η m is the efficiency of the system, F load is the weight of the translator (100 kN), and v is the linear speed of the chain at ω a . From Equation (6), the total power on the right-hand side can be estimated and is equal to T total ω a . Because ω a is known and the torque, T total , of the motor is proportional to the current I, the value of the required current can be obtained; the required voltage can subsequently be determined by equating T total ω a to the left-hand side of Equation (6). Then, the power consumption to run the motor with load F load at speed ω a can be estimated. 
Results
Section 3.1 will present the simulation and experimental results of the compensator positioning for Brofjorden's sea level. The effects on power consumption from different control strategies is presented in Section 3.2. Finally, the selected control strategy is adopted for Wave Hub and its effect on power consumption is analyzed in Section 3.3. Figure 11 shows the result from the simulation of the compensator position together with the sea level information from the SMHI for a duration of 19 days. Table 2 shows the error analysis of long-forecast, short-forecast, and extrapolated sea levels compared to the observed data from the SMHI. The result of the root mean squared error (RMSE) analysis shows that the RMSE of the extrapolation from the observed data gave the smallest error, as compared with the error calculated for the short-and long-forecast data. Therefore, the first method was used to calculate the new position of the chain. Although the extrapolation left a margin of error, this will not significantly influence the power production, as discussed in a previous study on the impact of tidal levels on the WEC power production [12] . The user can set the parameters, as shown in Figure 12 . By setting the interval time, the server will run fully automatically, reading SMHI information, continuously extrapolating the new position every hour, and sending commands to the compensator. There are several other parameters available on the GUI for manual positioning and safety. 
Compensator Positioning

Power Consumption with Different Control Strategies
As the compensator will operate as a self-powered device [23] , one of the constraints in the operation is to minimize the power consumption while achieving the targets for positioning at minimal error. The plot in Figure 14 shows the simulation results of running the compensator based on the data series of Figure 11 . The result shows the estimated energy required to adjust the chain position. The load calculated as the translator and the connection line weights was estimated to be 100 kN. In general, the faster the compensator system is allowed to turn, the less energy is required for the operation and the higher voltage is needed to power the motor. However, the device was chosen to be powered by two 12-V, 100-Ah batteries connected in series. Figure 15 shows the estimated voltage required to turn the motor at the designated rpm (left, vertical axis). From this figure, it can be concluded that the motor should be operated at the highest battery capacity of 24 V to turn the motor at the highest speed (800 rpm) and with high efficiency. With reference to Figure 14 , it is noticeable that at 800 rpm, the energy required to operate the system is already at a minimum. Figure 14 . The analysis of the energy required by the motor and the brake and the standby power for the 19-day period analyzed (as in Figure 11) . The dashed blue line shows the total time required to turn the motor. The green line shows the energy required to release the brake when the motor turns. The red line shows the standby energy, which is approximately the same throughout the test period. Figure 15 . The motor behavior with respect to speed and its corresponding parameters when the motor is powered with different voltage levels and the applied load is set to 100 kN. The red dashed line shows the level of the nominal voltage supplied by the batteries.
Adaptation to Wave Hub
The analysis of the estimated power consumption of the compensation system at Wave Hub is shown in Figure 16 . The simulation compared the control strategy for four different time intervals between each compensating operation. 15-, 30-, 60-, and 120-min intervals were chosen for the study. In each case, the compensator will start to compensate until it reaches the calculated position (extrapolated) of the sea level. Table 3 tabulates the RMSE values as the performance evaluation of the compensator position; see the dashed line (labeled with "error" and "compensator interval") in Figure 13b . The power consumptions and the RMSEs were analyzed for a period of one year (2017-2018). The result shows that the power consumption of the system when it runs at its full capacity of 24 V, which corresponds to 800 rpm (see Figure 15) , was around 600-640 Wh. As the batteries were rated 100 Ah, 24 V, the system should last for three days without charging. 
Discussion
Due to the high turn ratio of the gearbox (1:4758), one pulse per revolution of the motor is enough to get high accuracy on the chain position. As the number of the revolution of the shaft is high, the encoder suitable for this application is the incremental type, with the ability to restore the last position (saved in Raspberry Pi) after a reset. Moreover, the custom protocol as it is currently designed has facilitated the system well: the slow encoder output frequency, yet high accuracy (due to the high turn ratio), and the mechanism of detecting turn direction (CCW/CW) on every encoder's pulse.
The highest pulling force tested in the lab was 104 kN. The result plotted in Figure 8 shows that the force measurements from the torque sensor were reliable. Adjustments were made to calibrate and remove the sensor offset. In order to test the system in real time, we removed the load (springs) for safety reasons. Moreover, the main goal for the positioning test was to evaluate the control strategy and communication for a long duration, from the collection of sea level data to moving the chain to the new, desired position. Due to the slow change in sea level at the measurement station of Brofjorden, the lag between data collection and the adjustment of the connection line can be neglected.
The approach of utilizing a series of 10 h of sea level information to predict the next two hours was based on the understanding that changes in sea level follow a semi-diurnal trend with an M2 constituent period of about 12 h and 25 min. Based on this, the previous 10 h of data were used to extrapolate the data points of the next two hours and to get rid of the effects due to low-frequency variations. This method was also used to simplify the calculations. The analysis of the RMSE values calculated over 19 days of data led to an error between predictions and observations of 7.4 cm (see Table 2 ). This RMSE value was found to be lower than the RMSE of short-and long-forecast data; hence, it was selected for calculating the new desired position of the chain.
Attempts to lift a heavy load dynamically have been done in [16] , but only loads of up to 35 kN could be lifted for safety reasons in the lab environment. However, there were many uncertainties due to the configuration of the setup and the accuracy of the measurements. Our test improved the understanding of the system and the DC motor behavior based on the input signal. It also contributed to dimensioning the power supply system and evaluating power consumption. From the plot in Figure 14 , it can be seen that the faster the motor, the less total energy is required for the operation. However, this will be smoothed out because of the reduced efficiency of the motor at high speed (and current). Looking at the behavior of the curve of total energy consumption, we decided that the motor should run at a steady state of 800 rpm. This would correspond to a standard battery supply of 24 V. The relationship between the speed of the motor and the voltage supplied is shown in Figure 15 .
The result of the analysis of the speed and operating intervals for Wave Hub shows that the effect of the interval control on the power consumption was minimal. All intervals tested consumed roughly the same amounts of energy. One thing to consider in this respect is to put a limit on the interval (on/off time) so that the error of the compensator can be kept at a minimum to optimize the power production of the WEC. With reference to [12, 24] , the negative effects of the changes in tidal level on the power production were in general minimal when the variation in the tides were in the range of 0.2 m at Wave Hub. As can be inferred from Table 3 , a time interval of 15 min (or shorter) was suitable to keep the error of the compensator and the sea level the whole time smaller than 0.2 m. However, the effect of the sea level change on the power production will also depend on the stroke length of the generator and the wave climate. At smaller wave heights, the negative effect of sea level change is minimal, and thus, the time interval for the compensator can be longer while maintaining the power production.
The input (sea level) to the system is currently obtained from the observatory-station's sea level data available online from SMHI. This strategy can be robust considering it suits different types of WEC devices regardless of whether the WEC (or a wave farm) has its local sea level measurement. However, if a WEC has its position measurement installed, e.g., translator position in the generator, this position input can be used for a more accurate compensation (directly compensates for translator's shift) compared to the measured (or forecast) data from observatory station, which is usually situated away from the wave farm.
Conclusions
A remotely-controlled sea level compensator for WECs was designed, built, and evaluated. The experiment was held in the lab with the input to the system being the observed sea levels at Brofjorden observatory station, collected online from SMHI. Additionally, offline sea level data were analyzed, and the device operations were simulated to evaluate the control strategy and the compensator behavior for the operation of the device in a higher tidal range, e.g., Wave Hub.
The experimental tests in the lab have shown that the integration of the control and the communication systems worked reasonably well. As a self-powered device, the system had the right dimensions to be capable of lifting the load with minimal energy, as demonstrated by the analysis of the power consumption. The daily power consumption was not affected by the time interval selected for the operation, at least for the time period simulated. However, the power consumption was more influenced by the permitted error variations (RMSE) of the compensator for optimal power production on the side of the main WEC: the larger the RMSE for the compensator positioning resulted in lower power production at the main WEC. For Wave Hub to maximize the power production, the time interval between the adjustments should not be longer than 15 min at a motor speed of approximately 800 rpm.
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